Background: Post-traumatic headache is the most common and long-lasting impairment observed following mild traumatic brain injury, and frequently has migraine-like characteristics. The mechanisms underlying progression from mild traumatic brain injury to post-traumatic headache are not fully understood. The aim of this study was to develop a mouse model of post-traumatic headache and identify mechanisms and novel targets associated with this disorder. Methods: We combined the closed head weight-drop method and the nitroglycerin chronic migraine model. To induce mild traumatic brain injury, a weight was dropped onto intact crania of mildly anesthetized mice, and mechanical responses to chronicintermittent administration of nitroglycerin, a human migraine trigger, were determined at multiple time points post-injury. Results: Low dose nitroglycerin (0.1 mg/kg) evoked acute periorbital and hind paw allodynia in both mild traumatic brain injury and sham animals. However, only mild traumatic brain injury mice developed chronic hypersensitivity to low dose nitroglycerin. Migraine medications, sumatriptan and topiramate, inhibited post-traumatic headache-associated allodynia. In addition, the delta opioid receptor agonist, SNC80, also blocked post-traumatic headache-associated allodynia. Finally, we examined the expression of calcitonin gene-related peptide within this model and found that it was increased in trigeminal ganglia two weeks post-mild traumatic brain injury. Conclusions: Overall, we have established a mouse model of post-traumatic headache and identified the delta opioid receptor as a novel therapeutic target for this disorder.
Introduction
Post-traumatic headache (PTH) is a debilitating secondary headache disorder that occurs after traumatic brain injury (TBI) (1) (2) (3) . Within the United States, more than 1 million Americans experience mild TBIs (mTBIs), and a follow-up study indicated that up to 58% of mTBI patients developed chronic PTH that persisted 1 year after injury (4) (5) (6) (7) (8) . The most severe PTH has a migraine-like phenotype, develops within seven days to a year after injury, and typically progresses to a chronic condition (1) . Chronic migraine associated with PTH is defined as 15 headache days or more per month, lasts for three or more months (1), and is not easily resolved.
To date, there are no PTH-specific pharmacotherapies. In general, post-traumatic migraine is clinically similar to atraumatic migraine, and many PTH patients are highly dependent on migraine therapies for acute and preventive treatment. However, these medications do not provide sufficient pain relief in all patients (9) and, similar to migraineurs, PTH patients continue to have unmet medical needs (10, 11) . Although migraine is commonly observed following TBI, the central mechanisms by which brain trauma leads to migraine are unclear. A predictive model of PTH, especially one highlighting the more severe migraine-like phenotype, would aid in understanding the mechanisms regulating this disorder, and would also provide a tool to screen novel pharmacotherapies.
PTH is typically induced by mTBI; however, many of the preclinical TBI models involve craniotomy and/ or penetrative brain injuries, such as controlled cortical impact (CCI) (12) . The weight-drop model produces a non-invasive closed-head injury similar to a concussive injury observed in humans (13, 14) . This mouse model of mTBI does not induce substantial anatomical damage to the brain nor is there notable damage to the blood-brain barrier (13) . In addition, this model has been used in rats to model cephalic pain associated with PTH (15) . Considering that the most debilitating PTH has a chronic migraine phenotype (2, 16) , the aim of our study was to combine the closed head weight drop model with the nitroglycerin (NTG) model of chronic migraine-associate allodynia. NTG is a reliable human migraine trigger (17, 18) and has been shown to evoke allodynia in mice (19) (20) (21) (22) , an effect that is amplified in a genetic model of familial migraine (23) . In addition, NTG produces light-aversive behavior (24, 25) , and increased meningeal blood flow (26) . We have shown previously that chronic intermittent NTG produces both acute allodynia and a basal hypersensitivity that acts as a model of migraine chronification (20, 21) . In this study we examined the effect of mTBI on NTG-induced acute and chronic allodynia, and validated this model using established migraine pharmacotherapies. We also tested an agonist for the delta opioid receptor (DOR), which we have previously identified as a novel target for migraine (19) . Additionally, we examined the effect of mTBI on expression of the pro-migraine neuropeptide, calcitonin gene related peptide (CGRP), thus providing a link between head trauma and PTH.
Methods

Animals
All experiments used male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA; Charles River Laboratories, Wilmington, MA, USA), weighing 25-30 g. Mice were group housed in a 12-12 light-dark cycle, where the lights were on from 07:00-19:00. Food and water were available ad libitum. All animals were randomly assigned to either sham or mTBI groups, and then randomly to the different treatment groups. All responses were collected in a blinded fashion by one to two experimenters. Weight was recorded at time of mTBI, and on each test day for all experiments. mTBI did not significantly affect weight gain and did not affect mortality. 
Mild traumatic brain injury
Mild traumatic brain injury (mTBI) was induced using the closed head weight-drop method, as described previously (13) . Briefly, mice were mildly anesthetized with 2.5% isoflurane with an oxygen flow rate of 0.6-0.8 liters per minute. Mice were placed chest down on a foam sponge (dimensions: 19.05 cm Â 13.97 cm Â 4.76 cm) to support the head and body, which allowed for anteriorposterior motion without any rotational movement at the moment of impact. The mouse and sponge were placed directly underneath the weight-drop device. The weight-drop device consisted of a hollow cylindrical tube (inner diameter 2.54 cm, 80 cm height) placed approximately 1 cm vertically over the mouse's head, in between the ear and eye. To induce mTBI, a 30g weight (13 mm diameter, 34 mm height) was dropped through the tube, striking the mouse and causing a closed head injury. Immediately after mTBI, mice were returned to their home cages for recovery for 3 days, 2, 4, or 12 weeks. All mice regained consciousness and were ambulatory within five minutes of mTBI. Sham animals were anesthetized but not subjected to the weight-drop. Sham animals regained consciousness and were ambulatory within a minute of the sham procedure.
Drug preparation and experimental outline
All drug injections were 10 ml/kg. Nitroglycerin (NTG) was purchased at a concentration of 5.0 mg/mL, in 30% alcohol, 30% propylene glycol and water (American Reagent, NY, USA). NTG was freshly diluted on each test day in 0.9% saline to a concentration of 1 mg/mL for high dose (10 mg/kg), and 0.01 mg/mL (0.1 mg/kg) for a low dose. The vehicle used in these experiments was 0.9% saline. We previously found that there was no significant difference in mechanical thresholds between 0.9% saline and the solution in which high dose NTG was dissolved (6% propylene glycol, 6% alcohol, 0.9% saline) (20) .
An experimental outline is depicted in Figure 1 . After mTBI, mice were returned to their home cage. After recovery, sham and mTBI mice were randomly assigned to different treatment groups. To induce chronic migraine-associated pain, mice were treated with NTG or vehicle every other day for nine days (5 treatment days total). On a test day, basal responses were determined, NTG/vehicle injected, and post-treatment responses determined 2 h later. For experiments in Figures 2 and 3 , animals were tested with vehicle, a low/ subthreshold dose of NTG (0.1 mg/kg, ip), or a high dose of NTG (10 mg/kg, ip), and after the final treatment day, they were tested every other day until basal thresholds recovered to post-treatment levels. For experiments in Figures 3-7 , animals were tested with NTG 2 weeks post-mTBI/sham. On test days, basal responses were determined and animals were given a low dose of NTG (0.1 mg/kg, ip) or vehicle. One hour and 15 minutes post-NTG, mice were injected with vehicle, sumatriptan (0.6 mg/kg, ip), topiramate (30 mg/kg, ip), or SNC80 (10 mg/kg, ip), and were tested 45 min later (2h post-NTG). For topiramate experiments, mice were also pretreated with topiramate for 2 days before NTG treatment, and also on the days in between test days. To determine CGRP expression (Figure 8 ), mice underwent mTBI or sham, and 2 weeks post-injury tissue was collected for immunohistochemical analysis.
Sumatriptan was purchased at a concentration of 12 mg/mL and was diluted to 0.06 mg/mL in 0.9% saline (Sandoz, NC, USA). Topiramate (Johnson & Johnson) and SNC80 (Tocris Bioscience) were made fresh on each test day in saline, or 0.33% 1N HCl/ 0.9% saline, respectively.
Sensory sensitivity testing
For all behavioral experiments, mice were counterbalanced into groups following the first basal test for mechanical sensitivity. The experimenter was blinded to the injury condition of the animal and the drug condition being tested. No adverse events were observed in any of the experiments. All mice were tested in a separate behavior room with low-light ($35-50 lux) and low-noise conditions, between 09:00 and 16:00. For hind paw sensitivity, the threshold for responses to punctate mechanical stimuli (mechanical allodynia) was tested according to the up-and-down method (27, 28) . Briefly, the plantar surface of the mouse hind paw was stimulated with a series of eight von Frey hair filaments (bending force ranging from 0.008 g to 2 g). A response was defined as a lifting, shaking, or licking of the paw upon stimulation. The first filament tested was 0.4 g. In the absence of a response, a heavier filament (up) was tried, and in the presence of a response, a lighter filament (down) was tested. This pattern was followed for a maximum of four filaments following the first response. Mice were tested as follows: 20 minutes' habituation on a testing rack, measurement of basal mechanical responses to von Frey hair filaments, administration of vehicle/NTG, home cage for 1 hour and 40 minutes, 20 minutes' habituation on the testing rack, measurement of post-treatment mechanical responses to von Frey hair filaments. For cephalic sensitivity, mice were tested in 4 oz paper cups, to which they had been previously habituated for 1 h/day for 2 days. The periorbital region caudal to the eyes and near the midline was tested, similar to the up-down method described above, and herein (29) .
Immunohistochemistry
Trigeminal ganglia (TG) were collected 2 weeks after mTBI or sham. Mice were anesthetized with Somnasol (100 mL/mouse; 390 mg/mL pentobarbital sodium; Henry Schein, SKU#024352), and perfused intracardially with 15 mL of ice-cold phosphate buffer (0.1M PB, pH 7.2) and subsequently 50mL of ice-cold 4% paraformaldehyde (PFA)/0.1M PB (pH 7.4). TG was harvested from the mice and post-fixed overnight in 4% PFA/0.1M PB at 4 ºC. Tissue was cryoprotected in 30% sucrose/0.1M PB for 24-36 hours, or until it sank. TG was flash frozen in 2-methyl butane on dry ice, and sections of the TG were sliced at 16 mM. Upon slicing, TG sections were immediately mounted onto slides. Slides were blocked with 5% normal donkey serum in 0.1M phosphate-buffered saline with 0.3% Triton X-100 (NDST) for 1 hour at room temperature. Slides were incubated overnight at room temperature with primary sheep anti-CGRP antibody 
Results
A detailed description of the experiments performed in this study is outlined in Figure 1 . We initially tested the effect of mTBI alone on basal allodynia, and observed that 3 days post-injury mTBI caused a significant decrease in hindpaw (mean AE SEM, sham vs. mTBI; 1.28 AE 0.16 vs. 0.78 AE 0.14), and cephalic (sham vs. mBTI; 0.58 AE 0.04 vs. 0.27 AE 0.05) responses. As post-traumatic migraine can develop and persist long after initial injury, we wanted to test at a time when animals had recovered from the pain induced by injury alone. We therefore tested at least 2 weeks post-injury, a time at which mTBI alone no longer affected basal thresholds in hindpaw or cephalic regions (see below Figures 2 and 7, day 1) .
mTBI increases sensitivity to low-dose NTG
To determine the effect of mTBI on susceptibility to develop migraine-associated pain, mice were tested 2 weeks post-injury in the chronic NTG model. Varying doses of NTG (1-10 mg/kg, ip) have been shown previously to produce acute allodynia, and only higher doses of NTG (3-10 mg/kg, ip) produced chronic basal hypersensitivity (20, 30) . To determine whether mTBI increased the susceptibility to developing migraineassociated pain 2 weeks post-injury, we tested a subthreshold dose of NTG (0.1 mg/kg, ip) to evoke acute but not chronic allodynia, as well as the standard high dose NTG (10 mg/kg, ip). Vehicle, low, or high dose NTG was administered every other day for 9 days (five total test days). Mechanical thresholds were tested before (basal threshold) and 2 hours after (posttreatment threshold) vehicle/NTG administration on each test day. At this 2-week post-injury time point, mTBI alone did not produce a significant decrease in basal hind paw mechanical thresholds (Figure 2(a) , day 1). In both sham and mTBI groups, a high-dose of NTG evoked both a progressive and sustained basal hypersensitivity (Figure 2(a) ), and acute allodynia 2 h post-injection (Figure 2(b) ). Interestingly, a low-dose of NTG only produced a significant decrease in basal responses in the mTBI group, an effect not observed in the sham controls (Figure 2(a) ); while both groups showed a significant acute allodynia to this low dose (Figure 2(b) ). Following the final treatment day (day 9), recovery from NTG-induced basal hypersensitivity was determined, and animals were followed until their mechanical responses returned to pre-NTG thresholds as determined on day 1. There was no significant effect of mTBI on recovery time after NTG administration (Figure 2(c) ). These results indicate that mTBI increases sensitivity to chronic migraine-associated pain induced by repeated administration of NTG.
mTBI has a long-lasting effect on sensitivity to NTG-induced chronic pain
To determine whether the sensitivity induced by mTBI persists beyond 2 weeks, sham and mTBI groups were tested 4 and 12 weeks post-mTBI. As in Figure 2 , animals were treated with vehicle, low-, or high-dose NTG every second day for 9 days (five total test days). Again, mTBI alone did not alter basal responses on day 1 (Figure 3(a) and (c) ). Similar to 2 weeks post-injury, both sham and mTBI groups developed basal hypersensitivity and acute allodynia to a high dose of NTG, and an acute response to low-dose NTG (Figure 3(b) and (d)). However, only the mTBI group developed a basal hypersensitivity to the low dose of NTG, an effect not observed in shams (Figure 3(a) and (c) ). We tested mice following the final injection of NTG/vehicle to determine when their baselines returned to post-NTG levels. There was no difference in recovery time between sham and mTBI groups at 4 or 12 weeks post-injury (data not shown). The effects of mTBI are long-lasting, and even 12 weeks following injury mice were more susceptible to developing chronic NTG-induced pain.
Sumatriptan alleviates acute, but not chronic, allodynia within the PTH model
To pharmacologically validate this model, we investigated the effects of the migraine abortive sumatriptan on PTH-associated pain. At 2 weeks post-mTBI or sham, all animals were tested every other day for 9 days with a low-dose of NTG (0.1 mg/kg, ip), followed by vehicle or sumatriptan (0.6 mg/kg, ip; SUMA). In vehicle controls, low dose NTG induced basal allodynia in mTBI animals, but not sham controls (Figure 4(a) ); and produced acute allodynia in both groups (Figure 4(b) ). Sumatriptan significantly inhibited the post-treatment allodynia induced by NTG in both sham and mTBI mice (Figure 4(b) ). Consistent with our previous findings using chronic high-dose NTG (21), sumatriptan did not affect the development of basal hypersensitivity to chronic low-dose NTG treatment in mTBI animals. However, we also observed that in sham animals, sumatriptan administration progressively lowered the basal mechanical thresholds (Figure 4(a) ). These results indicate that while sumatriptan can reverse the acute effects of NTG after mTBI, it does not affect the progression of basal hypersensitivity that occurs with repeated NTG exposure. Furthermore, chronic treatment with sumatriptan alone could potentially synergize with NTG to worsen chronic migraine-associated pain.
Topiramate attenuates acute and chronic allodynia within the PTH model
To further validate our model, we investigated the effects of the migraine preventive topiramate on PTH-associated pain. At 2 weeks post-mTBI or sham, mice were injected with either vehicle or topiramate (TOPI, 30 mg/kg, ip) every day for 11 days. On days 3, 5, 7, 9 and 11 all animals were tested with vehicle or low-dose NTG (0.1 mg/kg, ip). As above, low-dose NTG induced basal hypersensitivity in mTBI-vehicle treated animals, but not sham-vehicle treated controls ( Figure 5(a) ). Low-dose NTG produced acute allodynia in all vehicle controls ( Figure 5(b) ). Topiramate significantly attenuated the basal hypersensitivity to chronic low-dose NTG treatment in mTBI animals ( Figure 5(a) ). Furthermore, topiramate significantly inhibited post-NTG evoked allodynia in both sham and mTBI mice ( Figure 5(b) ). These results suggest that topiramate can reverse the acute effects of NTG after mTBI, and partially reduce the progression of basal hypersensitivity that occurs with repeated NTG exposure.
SNC80 inhibits acute and chronic allodynia within the PTH model
We next tested the delta opioid receptor (DOR) agonist, SNC80, within this model of PTH-associated pain. As above, at 2 weeks post-injury all animals were treated every other day for 9 days with low-dose NTG (0.1 mg/kg, ip), and subsequently with vehicle or SNC80 (10 mg/kg, ip). Again, low-dose NTG evoked basal hypersensitivity only in mTBI animals ( Figure  6 (a)); and acute post-treatment allodynia in both sham and mTBI mice ( Figure 6(b) ). Treatment with SNC80 significantly attenuated chronic basal hypersensitivity induced by low-dose NTG in the mTBI group (Figure 6(a) ). Furthermore, SNC80 reversed NTGinduced acute allodynia in both sham and mTBI groups on each test day (Figure 6(b) ). These data indicate that SNC80 may not only inhibit acute PTH-associated pain but may also restrict the development of chronic PTH-associated pain.
mTBI increases cephalic hypersensitivity to low-dose NTG
To determine whether cephalic responses differed from hind paw responses, we tested the effect of low dose NTG on cephalic allodynia. At 2 weeks post-injury, mTBI and sham mice had similar cephalic mechanical thresholds on day 1 (Figure 7(a), day 1) . On each test day, low-dose NTG produced acute periorbital allodynia 2 h post-administration regardless of injury (Figure 7(b) ). In addition, mTBI mice treated with low-dose NTG also developed a profound basal hypersensitivity, an effect that was not seen in sham mice (Figure 7(a) ). These results indicate that similar to the hind paw, mTBI results in heightened sensitivity to the development of chronic migraine-associated pain.
mTBI increases expression of CGRP within the trigeminal ganglia 2 weeks post-injury CGRP is considered to be an endogenous migraine generator and plays a critical role in the regulation of migraine pain (31) . Trigeminal ganglia (TG) are first order cells that regulate head-specific pain, and we determined immunohistochemically if mTBI affected the amount and number of CGRP expressing (CGRPþ) cells within this region. We observed that, 2 weeks post-injury, mTBI produced a significant increase in the overall expression of CGRP in each cell (Figure 8(a) ), as well as an increase in the total number of CGRP þ cells (Figure 8(b) ) relative to sham controls. Our results indicate that this mTBI procedure dynamically alters the expression of CGRP within the TG.
Discussion
Despite the high prevalence of PTH, the mechanisms underlying the progression from head trauma to PTH remain unclear. A primary goal of this study was to characterize a mouse model of PTH which combined published models of closed head injury and chronic migraine (13, 20) . We demonstrate that this mTBI procedure alone produced mechanical allodynia at 3 days post-injury, but that hypersensitivity was resolved by 2 weeks post-injury. However, mTBI mice were more sensitive to the development of chronic migraine-associated pain as induced by low dose NTG, an effect observed in both cephalic and somatic regions. Acute allodynia within this model was blocked by the migraine abortive sumatriptan, and acute and chronic PTH-associated pain was inhibited by the migraine preventive topiramate. We also found that the selective delta opioid receptor agonist, SNC80, inhibited acute and chronic allodynia in this model, identifying this receptor as a novel therapeutic target for PTH. Additionally, 2 weeks following closed head injury we observed an increase in the expression of the migraine-associated neuropeptide, CGRP, in the trigeminal ganglia, which provides a potential mechanism for the heighted sensitivity to the development of chronic migraine associated with mTBI.
We have previously shown that chronic intermittent treatment with higher doses of NTG (3-10 mg/kg) can produce a progressive basal hypersensitivity in mice (20) . In this study, we tested a lower dose of NTG that did not cause basal hypersensitivity in sham controls but significantly reduced mechanical thresholds in mTBI animals. This effect was long lasting, as sensitivity to low-dose NTG was still seen 12 weeks postinjury. Our findings are in keeping with the original characterization of the closed head weight-drop model in which long-term cognitive deficits were observed in the absence of structural damage to the brain (13) . However, this relatively mild TBI can still cause adaptations, especially at the level of inflammatory responses. Increased gene expression of the cytokine CCL13 was observed up to 7 days post-injury in this model (32) , and increased dural mast cell degranulation was also found up to 30 days post-injury (33) . Furthermore, closed head injury models using a heavier weight (50 g, as compared to 30 g used herein) have resulted in elevated levels of tumor necrosis factor-alpha (TNF-a) post-TBI (34) . One possibility is that neuroinflammation induced by mTBI can ultimately trigger sensitization of the trigeminovascular complex, resulting in PTH (3). In patients, PTH can develop 1 week to 1 year after injury and may even manifest outside of this time frame (1,3,4) . The mild nature of the injury used in this model may reflect sensitization to sub-concussive head trauma and may contribute to the major inflammatory changes shown in previous studies. Future studies will focus on characterizing the effect of anti-inflammatory agents within our model of post-traumatic migraine. Our results reflect the finding that a single mTBI can have long-term effects on the susceptibility to developing chronic PTH. It should be noted that we only used C57BL/6J mice, as the NTG dosing regimen has been well characterized in this mouse strain (20) . Other mouse strains may respond differently to mTBI, and/or have a different dose response to NTG.
To determine the predictive validity of this model of post-traumatic migraine, we tested the migraine abortive, sumatriptan, and the preventive, topiramate. A clinical study examining the treatment of PTH in soldiers found that triptans significantly alleviated PTH, and topiramate could act as an effective preventive (35) . In our study, sumatriptan significantly inhibited the acute allodynia induced by low dose NTG in mTBI animals, which is consistent with previous work using high doses of NTG (19, 20, 22) . We were surprised to find that in sham animals treated with low dose NTG and sumatriptan there was a decrease in basal responses. Chronic daily treatment with sumatriptan can be used to model medication overuse headache (21, 36) , although in our study sumatriptan was only administered every other day. Chronic treatment with sumatriptan alone may act with low-dose NTG to exacerbate migraine-associated pain through a yet undetermined mechanism. Chronic daily administration of the migraine preventive, topiramate, alleviated both the acute allodynia and chronic basal hypersensitivity induced by low-dose NTG in the mTBI animals. These results are consistent with clinical reports that show that topiramate can be effective in the treatment of chronic PTH (35, 37) , and it has been used extensively as a migraine preventive (38) . These experiments were performed in the periphery. We have previously shown that sumatriptan and topiramate (20) , along with the migraine preventive propranolol (21) , can block migraine-associated pain induced by high dose NTG also assessed in the periphery. In addition, in the dural inflammation model, application of inflammatory mediators to the dura produced mechanical sensitivity in both cephalic and hind paw regions (39, 40) , similar to the effects observed in our study; these results likely reflect the development of central sensitization, which may be mediated through neurons within the thalamus (41) . Together, our results support the use of this mouse PTH model as a pharmacological screening tool.
There are limited therapeutic options for the treatment of PTH, and many patients use established migraine therapies that do not provide sufficient pain relief in all patients (9) . We have previously shown in preclinical models that DOR activation can inhibit multiple migraine-associated symptoms, including allodynia, negative affect, and aura (19) . In addition, anatomical studies have shown that DOR can be co-expressed with CGRP in the TG (42) , thus further supporting the role of DOR as a potential therapy for migraine-associated pain. In our study, we found that SNC80 could block PTH-related acute allodynia and that it had a protective effect on the mTBI-NTG induced basal hypersensitivity. DOR may be a particularly promising target for TBI-associated pathologies. For example, DOR agonists are effective in models of peripheral hyperalgesia (43, 44) , and chronic pain conditions, including headache, are a major source of disability following TBI (45) . Importantly, DOR agonists produce anxiolytic and antidepressant effects (43, 46, 47) . Emotional dysregulation is often comorbid with chronic pain and migraine and contributes to a feed forward cycle of disability. Post-traumatic stress disorder is especially comorbid with PTH, and its presence is associated with increased severity of PTH (2, (48) (49) (50) . The ability of DOR agonists to alleviate negative emotional states would be beneficial in these more complicated clinical situations. The delta opioid receptor may be uniquely positioned to alleviate multiple aspects of mTBI-related pathologies, including PTH.
We observed that CGRP expression was significantly increased in TG following mTBI, and we postulate that this augmentation likely promotes the development of PTH from traumatic brain injury (3). This increase was observed 2 weeks post-injury, a time at which allodynia induced by mTBI alone was already resolved. CGRP is an endogenous migraine generator, and this neuropeptide plays a critical role in migraine pathophysiology. CGRP infusion can induce headache (51) , and levels of CGRP in the circulation are upregulated during acute migraine attacks (52) . Additionally, CGRP receptor antagonists are effective in aborting migraine (53) , and antibodies targeting CGRP and its receptor are currently in drug development with promising results in late stage clinical trials (54, 55) . In terms of mTBI-related pain, experiments performed in rats found that both TBI by controlled cortical impact (2, 12, 56) and repeated mild head injury (57) resulted in increased CGRP expression in the trigeminal nucleus caudalis as compared to controls. The TG is a major source of CGRP to the trigeminal nucleus caudalis (58, 59) , and together these structures form part of the trigeminovascular complex, which regulates head-specific pain. The CGRP antagonist MK8825 was also found to attenuate both periorbital allodynia and photosensitivity evoked by controlled cortical impact injury (56) . Furthermore, in a rat model, CGRP inhibition blocked increased sensitivity to NTG (15) . In this study, weight-drop increased acute periorbital allodynia evoked by NTG up to 30 days post-injury, and this allodynia was blocked by a CGRP antibody (15) . NTG also increased conditioned place aversion in mTBI rats, an effect that was blocked by CGRP antibody treatment (15) . Our study further supports the role of CGRP as a link for the development of PTH following mTBI and expands the role of this neuropeptide for PTH with a chronic migraine-like phenotype. Taken together, these results suggest that our model reflects the role of CGRP in the development to PTH and supports the notion that upcoming CGRPtargeted therapies will be promising for the treatment of this disorder.
PTH is a debilitating disorder that can result in chronic disability and decreased quality of life. A better understanding of the mechanisms that regulate PTH would allow for the discovery of more targeted approaches to treat this disorder. Here, we have characterized a novel mouse model of PTH, one which specifically reflects the more severe post-traumatic chronic migraine phenotype. The development of this model opens up the possibility for investigators to easily use genetic, opto-and chemogenetic approaches that have been optimized for use in mice. In addition, this model can be used to screen novel therapies for PTH, and we have used it to identify the delta opioid receptor as a promising target. We also recapitulate findings that CGRP is an important facilitator between mTBI and the development of PTH. Future studies will use this model to further identify the molecular mechanisms regulating PTH.
Article highlights
. We developed a mouse model of post-traumatic migraine by combining the closed-head weight drop model and the nitroglycerin chronic migraine model. . mTBI induces an increased sensitivity to nitroglycerin in cephalic and peripheral regions. . We identified the delta opioid receptor as a novel therapeutic target for post-traumatic headache. . CGRP expression is upregulated in trigeminal ganglia weeks following mTBI and could serve as a link between injury and headache chronification.
